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1
REDUCED HEIGHT M1 METAL LINES FOR
LOCAL ON-CHIP ROUTING

FIELD OF DISCLOSURE

Disclosed embodiments are directed to M1 metal lines for
local on-chip routing of logical circuit elements in integrated
circuits, where the M1 metal lines are configured for low RC
delay while ensuring high electromigration reliability.

BACKGROUND

As semiconductor device technology evolves, there is an
ever-present need for shrinking all aspects of semiconductor
device sizes. However, design and manufacture of various
components of semiconductor devices involves different
materials and processes, and accordingly, different compo-
nents scale differently. For example, while sizes of logic and
memory cells on a semiconductor chip shrink rapidly as they
evolve into the low nanometer and sub-nanometer scales, it is
very challenging to shrink the interconnections between these
cells at comparable pace. The interconnections are predomi-
nantly made up of metal lines, typically formed by materials
such as Copper (Cu). Decreasing the size, in terms of thick-
ness or cross sectional area, of these metal lines leads to
various issues.

More specifically, for short interconnections between on-
chip logic and/or memory elements, it is preferable to use a
metal line on a same layer as these elements in order to
improve speed. Typically, such interconnections are formed
onaso called first level, or level 1 or layer 1, and are generally
referred to as metal 1 (M1) metal lines. Longer routing paths
are formed in different layers, such as, levels 2, 3, 4, and
beyond, and interconnections between these higher level
metal lines (e.g., M2, M3, M4, etc.) involve the use of inter-
level vias which introduce additional delay. Accordingly for
local routing, for example, for short interconnections which
are required to have a small critical path, M1 interconnections
are preferred.

The delay introduced by a metal line is proportional to a
product of resistance (R) and capacitance (C) of the metal
line, and is usually referred to as a resistance-capacitance or
“RC” delay. As the size of the metal line is reduced, both
resistance and capacitance of the metal line increase. In the
case of M1 metal lines, it seen that in order to reduce the RC
delay of M1 metal lines, reducing the capacitance is more
important than reducing the resistance, because increasing
capacitance tends to have adverse effects on performance of
nearby elements, such as neighboring M1 metal lines, logic,
memory cells, etc.

Based on process parameters, reducing capacitance of M1
metal lines can be most effectively achieved by reducing the
height of the M1 metal lines. However, naively reducing the
metal height of M1 metal lines can lead to harmful side-
effects. This is because reducing the metal height leads to a
smaller cross-sectional area of the M1 metal line, which
increases current density. A higher current density affects
electromigration reliability. In general, electromigration
tends to be a key reliability issue in Cu metallization. Briefly,
the issue can be explained with respect to current flowing
through a Cu metal line. When high current (or in other words,
a large number of electrons) flows through Cu, the Cu atoms
can move along with the movement of the electrons. As a
result, a void or decrease of Cu atoms may occur in some
portions of the Cu metal line, while a hill or increase of Cu
atoms may occur in other portions of the Cu metal line, thus
leading to failure or loss of reliability, for example in dielec-
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tric layers which may be formed adjacent to M1 metal lines
formed from Cu in conventional designs.

In an effort to prevent such side-effects and preserve elec-
tromigration reliability, existing technology-specific design
rules impose restrictions on the minimum size to which M1
metal lines can be shrunk. These rules are based on conven-
tional M1 metal lines formed of Cu, and also take into account
the limitations of Cu filling processes needed for forming the
M1 metal lines. Accordingly, the conventional M1 metal lines
formed from Cu cannot be safely shrunk below these prede-
termined minimum sizes, and thus, limits are imposed on the
overall layout scaling of semiconductor devices. Due to these
restrictions on the minimum sizes, the height of the M1 metal
line cannot be reduced beyond these restrictive minimum
sizes, and therefore, capacitance and RC delays tend to be
undesirably high.

SUMMARY

Exemplary embodiments are directed to systems and meth-
ods for reduced height M1 metal line for local routing of
on-chip circuit elements.

For example, an exemplary embodiment is directed to an
integrated circuit comprising a reduced height M1 metal line
formed of a material with lower mean free path than Copper,
for local routing of on-chip circuit elements of the integrated
circuit, wherein a height of the reduced height M1 metal line
is lower than a minimum allowed height of a M1 metal line
formed of Copper.

Another exemplary embodiment is directed to a method of
forming an integrated circuit, the method comprising forming
a reduced height M1 metal line from a material with lower
mean free path than Copper for local routing of on-chip
circuit elements of the integrated circuit, wherein a height of
the reduced height M1 metal line is lower than a minimum
allowed height of a M1 metal line formed of Copper.

Yet another exemplary embodiment is directed to a method
of forming an M1 metal line in an integrated circuit, the
method comprising: depositing a SiCN etch stop layer over a
substrate, depositing a dielectric layer of low dielectric con-
stant on the substrate, patterning the dielectric layer based on
desired dimensions for the M1 metal line, etching a trench
based on the pattern, wherein a dimension of the trench cor-
responds to the desired dimensions for the M1 metal line, and
depositing a material for the M1 metal line in the trench,
wherein the dimensions for the M1 metal line include a height
smaller than a minimum allowable height for a M1 metal line
formed of Copper, and alength of the M1 metal line is smaller
than a minimum allowable length of a M1 metal line formed
of Copper.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are presented to aid in the
description of embodiments of the invention and are provided
solely for illustration of the embodiments and not limitation
thereof.

FIG. 1 illustrates a cross-sectional view of an integrated
circuit comprising M1 metal lines according to exemplary
embodiments.

FIG. 2 illustrates plots comparing resistivity of conven-
tional and exemplary materials for formation of M1 metal
lines as a function of cross-sectional area.

FIG. 3 is a flow chart illustrating a method of forming an
exemplary M1 metal line.

DETAILED DESCRIPTION

Aspects of the invention are disclosed in the following
description and related drawings directed to specific embodi-
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ments of the invention. Alternate embodiments may be
devised without departing from the scope of the invention.
Additionally, well-known elements of the invention will not
be described in detail or will be omitted so as not to obscure
the relevant details of the invention.

The word “exemplary” is used herein to mean “serving as
an example, instance, or illustration” Any embodiment
described herein as “exemplary” is not necessarily to be con-
strued as preferred or advantageous over other embodiments.
Likewise, the term “embodiments of the invention” does not
require that all embodiments of the invention include the
discussed feature, advantage or mode of operation.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of embodiments of the invention. As used herein, the
singular forms “a”, “an” and “the” are intended to include the
plural forms as well, unless the context clearly indicates oth-
erwise. It will be further understood that the terms “com-
prises”, “comprising,”, “includes” and/or “including”, when
used herein, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other fea-
tures, integers, steps, operations, elements, components, and/
or groups thereof.

Further, many embodiments are described in terms of
sequences of actions to be performed by, for example, ele-
ments of a computing device. It will be recognized that vari-
ous actions described herein can be performed by specific
circuits (e.g., application specific integrated circuits
(ASICs)), by program instructions being executed by one or
more processors, or by a combination of both. Additionally,
these sequence of actions described herein can be considered
to be embodied entirely within any form of computer readable
storage medium having stored therein a corresponding set of
computer instructions that upon execution would cause an
associated processor to perform the functionality described
herein. Thus, the various aspects of the invention may be
embodied in a number of different forms, all of which have
been contemplated to be within the scope of the claimed
subject matter. In addition, for each of the embodiments
described herein, the corresponding form of any such
embodiments may be described herein as, for example, “logic
configured to” perform the described action.

One or more embodiments are configured to overcome
limitations of conventional routing techniques. More specifi-
cally, exemplary embodiments address the limitations of M1
metal lines formed from Copper. For example, M1 metal lines
according to the embodiments can be formed from different
materials and related processes, which can be safely scaled
below minimum prescribed sizes for conventional Cu-based
M1 metal lines, and thus, the exemplary M1 metal lines have
lower capacitance and lower RC delays without compromis-
ing electromigration reliability. Materials for forming exem-
plary M1 metal lines can include elements with lower mean
free path than Cu, such as, Tungsten (W), Molybdenum (Mo),
Ruthenium (Ru), etc., which display characteristics of higher
electromigration reliability than Cu. Exemplary M1 metal
lines can also be scaled to sizes (e.g., in terms of height, width,
cross-sectional area, etc), which are lower than minimum
allowed sizes for M1 metal lines made of Copper. As
employed herein, the phrase “minimum allowed sizes” for Cu
refers to design rules for layout of circuit elements in the
design and manufacture of integrated circuits, wherein the
design rules specify sizes, dimensions, and standards which
must be satisfied for the numerous components of the inte-
grated circuits.
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While exemplary aspects can pertain to interconnections
between logic and/or memory elements, some aspects spe-
cifically focus on M1 metal lines for local routing between
on-chip logical circuit elements, which tend to require high
speed (i.e., low RC delay) interconnections. Once again, it
will be recalled that capacitance of the M1 metal lines play a
more significant role than resistance in the RC delay of the
M1 metal lines. Therefore, exemplary aspects are directed to
minimizing the capacitance contribution towards RC delays.

With reference to FIG. 1, a portion of a cross-sectional slice
of'an integrated circuit 100 is illustrated. The illustrated slice
includes a plurality of M1 metal lines 102, running into and
out of the page in the depicted view. FIG. 1 can pertain to a
back end of line (BEOL) process step, for example. A BEOL
is a well recognized part of integrated circuit fabrication
where interconnections are formed for connecting the various
circuit elements, such as transistors, capacitors, resistors, etc.,
which may be formed on-chip. M1 metal lines 102 can be
used for local routing or interconnections between on-chip
logical circuit elements (i.e., on or within a same chip, as
opposed to higher level metal lines, such as, M2, M3, etc.,
which may be employed for connecting multiple chips or
connecting off-chip components such as, an off-chip
memory, etc.). In addition to forming M1 metal lines for the
local routing of on-chip circuit elements, BEOL can include
contacts, insulating layers, interlayer dielectrics (ILDs), other
metal levels, and bonding sites for chip-to-package connec-
tions. Representatively, FIG. 1 includes illustrations of some
of these aspects related to process parameters and dimen-
sions.

In the illustrated example, the depicted M1 metal lines 102
may be formed in device layer 104 with cap layers 106 and
108 on first and second sides (e.g., top and bottom sides).
Bulk ILD 110 is formed on the first side (above cap layer
106). The dimension “W” represents the width and “H,” the
height of one of the M1 metal lines 102. The dimension “v”
represents height of vias leading to metal lines (e.g., M2, M3,
etc., not shown) in layers on first and second sides (above and
below cap layers 106 and 108). The dimension “s” depicts the
separation or distance between two adjacent M1 metal lines
102. For a given M1 metal line 102, capacitors are formed on
at least the depicted sides, denoted as Cy, 4, C, ;41,15 C o and
C,.
%Vith the above parameters and dimensions, the capaci-
tance of a M1 metal line 102, denoted as Cgzz,,; can be
represented by the following expression, where k,, and k,, are
effective dielectric constants in vertical and horizontal direc-
tions, and k., and k, ;, are effective dielectric constants of
the cap layer 106 and bulk ILD 110, for example.

WL KHL kWL |

s Teap

kipWL N knWL

1475 N

CproL =

Correspondingly, the resistance, Ry, is given by the
expression, where p is the resistivity of M1 metal line 102:

Rgpor = %

Based on the above expressions for C5.,; and Ry, itis
seen that reducing the dimension H will lead to a lower RC
delay. However, as discussed with reference to conventional
technologies relying on Cu for forming M1 metal lines,
reducing the dimension H would negatively impact elec-
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tromigration reliability, due to increased current density.
Accordingly, exemplary embodiments recognize that ele-
ments with lower mean free path than Cu would not suffer
from these limitations seen in elements like Cu. For example,
elements such as Tungsten (W), Molybdenum (Mo), and
Ruthenium (Ru) exhibit a much lower mean free path than Cu
(e.g., mean free path of W, Mo, and Ru can be in the range of
~10 nm). Due to the lower mean free path, it is safe to form
M1 metal lines 102 from material such as, W, Mo, or Ru, with
decreased height H, which would advantageously lead to low
RC delay values while retaining high electromigration reli-
ability. Moreover, it is also seen that capacitance values of
capacitors such as C,,; and C,,;, discussed above tend to be
lower for metal lines 102 formed from materials such as W,
Mo, or Ru. Thus, electromigration characteristics of the
exemplary reduced height M1 metal line 102 may be superior
to or equivalent to electromigration characteristics of a con-
ventional M1 metal line formed of Copper; whereas the RC
delay characteristics of the exemplary reduced height M1
metal line 102 can be significantly lower than the RC delay
values a conventional M1 metal line formed of Copper.

In further aspects, it is also recognized that lower length (L)
of exemplary M1 metal lines formed from materials such as
W, Mo, and Ru are possible, in comparison to minimum
possible (or allowed, per design rules) length of a conven-
tional M1 metal line formed of Copper. Therefore, embodi-
ments also include M1 metal lines formed from materials
such as W, Mo, or Ru, of significantly smaller length than
lengths of conventional M1 metal lines formed from Cu.

With reference to FIG. 2, a plot of resistivity (in n€2-cm) as
a function of cross sectional area (in nm?) is illustrated for
both Copper metal lines. Specifically, plot 206 represents
resistivity of Copper on a tantalum (Ta) substrate, while plots
202 and 204 represent resistivity of Tungsten on Ta and SiO,
substrates respectively. As seen, resistivity of Copper
increases dramatically when the cross sectional area is low-
ered, particularly in the area marked 208. On the other hand,
resistivity of Tungsten remains relatively stable (especially
for plot 202 pertaining to Tungsten on Ta) for shrinking cross-
sectional areas, even though the bulk resistivity of Tungsten is
higher than that of Copper. However, the higher bulk resis-
tivity is a beneficial tradeoff given the smaller mean free path
(which leads to higher electromigration reliability and higher
resistance to electromigration and stress migration). Addi-
tionally, elements such as Tungsten, Molybdenum, and
Ruthenium also display characteristics of higher melting
points (W is about 3.1 times that of Cu, Mo is about 2.4 times
that of Cu, and Ru is about 2.3 times that of Cu) and lower
diffusivity.

It will be appreciated that embodiments include various
methods for performing the processes, functions and/or algo-
rithms disclosed herein. For example, as illustrated in F1G. 3,
an embodiment can include a method of forming an M1 metal
line (e.g., M1 metal line 102) from a material such as Tung-
sten (W). The method can include depositing a SiCN etch
stop layer over a substrate, for example—Block 302. A
dielectric layer with low dielectric constant (i.e., a low-K
dielectric material) can be deposited—DBlock 304. A pattern
for the intended M1 metal line can then be created using
lithography—Block 306. Etching can be performed using the
created pattern for the M1 metal line to form trenches, where
dimensions of the trench correspond to desired dimensions
for the M1 metal lines 102 (e.g., with a lower height H than
that possible or allowed by design rules for a Cu filling)—
Block 308. An optional TiN liner can then be deposited—
Block 310. It will be understood that in some aspects, forma-
tion of the exemplary M1 metal lines 102 can be a fluorine-
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free process using a W/Mo/Ru fluorine-free precursor, which
can eliminate the need for the optional TiN liner. In such cases
where the TiN liner is not used, the method of forming the M1
metal line is simplified and resistance of M1 metal lines
formed in this manner tend to be even lower. Using a chemical
vapor deposition (CVD) process, the trenches can be filled
with exemplary materials for formation of exemplary M1
metal lines 102, where the exemplary materials can comprise
one of Tungsten (W), Molybdenum (Mo), or Ruthenium
(Ru), or a combination thereof (it will be appreciated that
unlike conventional Cu filling processes which may impose
design rule limitations on sizes, the exemplary CVD process
for filling the trenches can achieve desired dimensions for
filling M1 metal lines of smaller dimensions than usually
permitted for M1 metal lines made of Cu)—Block 312.
Chemical-mechanical polishing (CMP) is then performed on
the exemplary M1 metal line deposited using CVD—Block
314.

Thus, the design rule limitations on minimum size require-
ments can be overcome and exemplary M1 metal lines 102
can be formed of lower height than is possible or specified for
conventional M1 metal lines made of Cu. In addition to
decreasing the height H, in some embodiments, the width of
the exemplary M1 metal lines 102 can also be reduced. More
specifically, using exemplary processes, it is possible to form
M1 metal lines 102 from Tungsten of very small widths, for
example, widths less than 30 nm (which cannot be achieved in
conventional M1 metal lines using Cu). Thus, width of the
reduced height M1 metal line 102 can be smaller than a
minimum allowed width of a conventional M1 metal line
formed of Copper.

In some embodiments, additional advantages are seen by
skipping a seed layer which is typically used in a conventional
BEOL process of forming M1 metal lines using Cu. Accord-
ingly, omission of such a seed layer can vacate more room for
forming the M1 metal lines 102 from W, Mo, or Ru, increas-
ing the effective volume of M1 metal lines 102 and thereby
minimizing the increase of resistance in exemplary M1 metal
lines (as seen from the expression for resistance R ; ., above,
increasing volume, which is proportional to the product H*W,
leads to lower resistance).

Those of'skill in the art will appreciate that information and
signals may be represented using any of a variety of different
technologies and techniques. For example, data, instructions,
commands, information, signals, bits, symbols, and chips that
may be referenced throughout the above description may be
represented by voltages, currents, electromagnetic waves,
magnetic fields or particles, optical fields or particles, or any
combination thereof.

Further, those of skill in the art will appreciate that the
various illustrative logical blocks, modules, circuits, and
algorithm steps described in connection with the embodi-
ments disclosed herein may be implemented as electronic
hardware, computer software, or combinations of both. To
clearly illustrate this interchangeability of hardware and soft-
ware, various illustrative components, blocks, modules, cir-
cuits, and steps have been described above generally in terms
of their functionality. Whether such functionality is imple-
mented as hardware or software depends upon the particular
application and design constraints imposed on the overall
system. Skilled artisans may implement the described func-
tionality in varying ways for each particular application, but
such implementation decisions should not be interpreted as
causing a departure from the scope of the present invention.

The methods, sequences and/or algorithms described in
connection with the embodiments disclosed herein may be
embodied directly in hardware, in a software module
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executed by a processor, or in a combination of the two. A
software module may reside in RAM memory, flash memory,
ROM memory, EPROM memory, EEPROM memory, regis-
ters, hard disk, a removable disk, a CD-ROM, or any other
form of storage medium known in the art. An exemplary
storage medium is coupled to the processor such that the
processor can read information from, and write information
to, the storage medium. In the alternative, the storage medium
may be integral to the processor.

Accordingly, an embodiment of the invention can include a
computer readable media embodying a method for forming a
M1 metal line of reduced RC delay and improved electromi-
gration reliability. Accordingly, the invention is not limited to
illustrated examples and any means for performing the func-
tionality described herein are included in embodiments of the
invention.

While the foregoing disclosure shows illustrative embodi-
ments of the invention, it should be noted that various changes
and modifications could be made herein without departing
from the scope of the invention as defined by the appended
claims. The functions, steps and/or actions of the method
claims in accordance with the embodiments of the invention
described herein need not be performed in any particular
order. Furthermore, although elements of the invention may
be described or claimed in the singular, the plural is contem-
plated unless limitation to the singular is explicitly stated.

What is claimed is:

1. An integrated circuit comprising:

a reduced height M1 metal line formed of a material with
lower mean free path than Copper, for local routing of
on-chip circuit elements of the integrated circuit,
wherein a height of the reduced height M1 metal line is
lower than a height of a M1 metal line formed of Copper,
wherein the reduced height M1 metal line is formed
from Tungsten (W), Molybdenum (Mo), Ruthenium
(Ru), or a combination thereof, deposited on a trench
formed on a substrate, wherein the trench does not
include a seed layer.

2. The integrated circuit of claim 1, wherein a width of the
reduced height M1 metal line is smaller than a width of a M1
metal line formed of Copper.

3. The integrated circuit of claim 1, wherein a width of the
reduced height M1 metal line is smaller than 30 nm.

4. The integrated circuit of claim 1, wherein the reduced
height M1 metal line is formed from a fluorine-free process.

5. The integrated circuit of claim 1, wherein the reduced
height M1 metal line is deposited using a chemical vapor
deposition (CVD) process.

6. The integrated circuit of claim 5, wherein dimensions of
the trench correspond to desired dimensions of the reduced
height M1 metal line.

7. The integrated circuit of claim 6, wherein the trench
comprises a TiN liner.

40

45

8

8. The integrated circuit of claim 1, wherein a resistance-
capacitance (RC) delay value of the reduced height M1 metal
line is smaller than a RC delay value of a M1 metal line
formed of Copper.

9. The integrated circuit of claim 1, wherein electromigra-
tion characteristics of the reduced height M1 metal line are
equivalent to electromigration characteristics of a M1 metal
line formed of Copper.

10. The integrated circuit of claim 1, wherein a length of the
reduced height M1 metal line is smaller than a length of a M1
metal line formed of Copper.

11. A method of forming an integrated circuit, the method
comprising:

forming a trench on a substrate, wherein the trench does not

include a seed layer; and

forming a reduced height M1 metal line, in the trench, from

a material with lower mean free path than Copper for
local routing of on-chip circuit elements of the inte-
grated circuit, the material comprising Tungsten (W),
Molybdenum (Mo), Ruthenium (Ru), or a combination
thereof, wherein a height of the reduced height M1 metal
line is lower than a height of a M1 metal line formed of
Copper.

12. The method of claim 11, comprising forming the
reduced height M1 metal line of width smaller than a width of
a M1 metal line formed of Copper.

13. The method of claim 11, comprising forming the
reduced height M1 metal line of width smaller than 30 nm.

14. The method of claim 11, comprising forming the
reduced height M1 metal line in a fluorine-free process.

15. The method of claim 11, comprising depositing the
reduced height M1 metal line using a chemical vapor depo-
sition (CVD) process.

16. The method of claim 15, wherein dimensions of the
trench correspond to desired dimensions of the reduced
height M1 metal line.

17. The method of claim 16, comprising forming a TiN
liner in the trench prior to depositing the material for the
reduced height M1 metal line.

18. The method of claim 11, wherein a resistance-capaci-
tance (RC) delay value of the reduced height M1 metal line is
smaller than a RC delay value of a M1 metal line formed of
Copper.

19. The method of claim 11, wherein electromigration
characteristics of the reduced height M1 metal line are
equivalent to electromigration characteristics of a M1 metal
line formed of Copper.

20. The method of claim 11, comprising forming the
reduced height M1 metal line of length smaller than a length
of'a M1 metal line formed of Copper.
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